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ABSTRACT 


Interactions of wall jets and vortices embedded in turbulent boundary layers com¬ 
monly occur near gas turbine blades and endwalls where film cooling is employed. These 
interactions frequently result in undesirable heat transfer effects at blade and endwall 
surfaces. In this research, a crossed hot-wire probe is used to measure the turbulence 
structure resulting from this type of interaction. 

The vortex is generated using a half-delta-wing vortex generator mounted at 12 de¬ 
grees with respect to a 10 m s mean velocity flow over a flat plate. A single injection 
hole, .95 cm in diameter, inclined 30 degrees to the horizontal, is located under the 
vortex downwash, 5S cm downstream from the vortex generator. Baseline measurements 
were made at one streamwise location downstream of the injection hole for the cases: (1) 
boundary layer only, (2) boundary layer with vortex, and (3) boundary layer with wall 
jet. Measurement of the interaction between the boundary layer, vortex and 2.5 blowing 
ratio wall jet was also made at this location. The 1.5 blowing ratio wall jet interaction 
was measured at three additional streamwise locations. 

Reynolds stress tensor components, vorticity distributions and mean velocities show 
that the vortex sienificantlv alters the turbulence structure of the 1.5 blowins ratio wall 
jet at all four streamwise locations. Here the injectant is swept away from the injection 
hole by the vortex rotation. The most significant alterations to the turbulence structure 
occur in the vortex upwash region and beneath the vortex core. The 2.5 blowing ratio 
jet is much more resistant to disturbance by the vortex. 
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I. INTRODUCTION 


A. MOTIVATION FOR RESEARCH 

Significant secondary flows exist in turbine passages of gas turbine engines. A 
schematic of these secondary’ flows is shown in Figure 1, adapted from [Ref. 1: p. 24]. 
Hot combustion gases initially move in the axial direction as a turbulent boundary layer 
is formed on the endwall. As the flow approaches the blade, a horseshoe vortex is 
formed near the endwall and blade leading edge which then splits into a passage vortex 
on the pressure side of the blade, and a counter vortex on the suction side of the blade. 
Because these vortices are embedded in the wall bounded boundary' layers, they cause 
significant perturbations to local wall heat transfer and wall shear stress. 

One means of protecting the endwall and blade from thermal loading caused from 
exposure to high gas temperatures (over 1500°F) is film cooling. With film cooling, 
relatively cool air is injected through rows of holes in blade and endwall surfaces as 
shown in Figure 1. The problem with this arrangement is that embedded vortices cause 
significant disturbances to distributions of film injectant. This results in local hot-spots 
at locations that would otherwise appear to be well protected by film cooling. [Refs. 2, 
3 and 4] 

The goal of this research effort is to gain understanding of the turbulence structure 
of turbulent boundary layers with embedded vortex / wall jet interactions. This is a 
necessary step towards understanding and minimizing the detrimental effects of embed¬ 
ded vortices on distributions of film injectant and on heat transfer rates at turbine pas¬ 
sage walls. As the problem is better understood, improved designs will lead to higher 
turbine inlet temperatures resulting in more efficient engines with improved power-to- 
weisht ratios. 

V 

B. LITERATURE SURVEY 

To the best knowledge of the author, no turbulence measurements have been made 
of vortex / wall jet interactions. However, a number of researchers have measured the 
turbulence structural characteristics of embedded vortices without wall jet interactions. 
The vortices in these existing studies are generally created with half wing vortex genera¬ 
tors positioned at some skew angle to the flow direction. Shabaka, Mehta and Bradshaw 
[Ref. 5] used this arrangement with the vortex generator located in the wind tunnel set¬ 
tling chamber to study the characteristics of a single vortex embedded in a turbulent 
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boundary layer. Their work included mean and turbulent fluctuating velocity measure¬ 
ments in various spanwise planes for vortex circulation, f\ equal to 1.84 U, mm where 
U, is the freestream velocity. Their measurements show that the circulation around the 
embedded vortex is almost completely conserved. The only reduction is due to the 
spanwise component of shear stress. The region affected by the vortex grows as it 
travels downstream, with cross-sectional dimensions which are roughly proportional to 
the local boundary layer thickness. Eddy viscosity components, deduced from the 
Reynolds stress components and various triple products, indicate that simple empirical 
relations used in present day turbulence models are not likely to be accurate. The major 
conclusion of their work is that the vortex changes the properties of the outer region of 
the boundary layer. 

Eibeck and Eaton [Ref. 6] present heat transfer and fluid dynamic measurements in 
a turbulent boundary layer with an embedded vortex. Mean velocity profiles in the 
log-law region are similar to those in two-dimensional turbulent boundary layers. Outer 
layers are distorted as seen by Shabaka et al [Ref. 5]. 

Cutler and Bradshaw [Ref. 7] studied the interaction of vortex pairs with the com¬ 
mon flow downward in a turbulent boundary layer. Mehta and Bradshaw [Ref. 8] 
studied a pair of vortices with the common vortex flow upward. These two studies show: 
(1) dramatic turbulence structure changes that can not be explained using current tur¬ 
bulence models, and (2) the existence of secondary longitudinal vortices having opposite 
signs (rotation direction) to the principle vortices. The smaller vortices exist to satisfy 
the condition that spanwise velocity is equal to zero at the wall. 

Westphal. Pauley, and Eaton [Ref. 9] made measurements of a single vortex inter¬ 
acting with a turbulent boundary layer. They used vortex generator angles of 12 and 
16 degrees and obtained mean and turbulent velocity results similar to Shabaka et al 
[Ref. 5]. In addition, they observed that the skin friction increased under the vortex 
downwash and decreased under the vortex upwash. With an adverse pressure gradient, 
vortex distortion of boundary layer properties is intensified. 

The interaction of vortices and jets has been studied by Skow and Peake [Ref. 10], 
Heffeman [Ref. 11], Schwartz [Ref. 12], Iwanski, et al [Ref. 13 ], Visser, et al [Ref. 14], 
Ligrani and Schwartz [Ref. 15], and Ligrani and Williams [Ref. 4]. Most of these studies 
emphasize vortex control, and none of them present detailed turbulence measurements. 
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C. TURBULENCE TERMINOLOGY 


Some of the terms used to describe turbulence structural characteristics are now 
described. 

1. Instantaneous Velocity 

Figure 2 shows an example of the variation of velocity with time in a turbulent 
flow. At any instant, the velocity U consists of a mean component, u, and a fluctuating 
component, u'. Thus, instantaneous velocities in the x, y and z directions, respectively, 
are given as U = u + u', V = v + v' and W = iv + w’. By definition, the time average of 
an instantaneous velocity is equal to the mean velocity component. This means that the 
time average of the fluctuating component is equal to zero, u' = v' = w' = 0. 

2. Reynolds Stress Tensor Components 

The mean velocity components u, v and win a turbulent flow satisfy the laminar 
form of the momentum (Navier-Stokes) equations. Fluctuating components u', v' and 
w' give rise to additional stresses known as apparent, virtual or Reynolds stresses. The 
components of the Reynolds stress tensor are: 



The subscripts x, y and z in the stress terms indicate the plane and the direction in which 
the stress component acts. For example r xy denotes the stress acting in the y direction 
on a plane normal to the x axis. It is important to note that while u' = 0, the average 
of u' squared does not in general equal zero, u' 2 =£ 0 . The total stresses are the sums 
of the viscous stresses and the Reynolds stresses. For example, in a two-dimensional 
boundary layer, 



Outside of the viscous sublayer, Reynolds stresses are larger than the viscous stresses. 


3 













3. Turbulence Intensity 

The turbulence intensity, T, is defined as: 



where U, is the freestream velocity. If u' 1 = v' 2 = w' 2 , the turbulence is isotropic and its 
intensity is then given by: 


4. Diffusive Transport 

The terms t/'V, wV 2 , v' 3 and vv'V represent turbulent diffusive transport in the 
y direction of u' 2 , u'v’, v' 2 and w' 2 respectively. Because these transport terms are each 
products of three fluctuating components, they are referred to as triple products. 

5. Friction velocity, w + and y + 

Friction velocity, v*, is defined as: 



where t„ is the total shear stress at the wall and p is the fluid density. Using the friction 


H l' ... 

velocity, u~ and jr are given by ir = — and y" — where v is kinematic viscosity. 


6. Multi-layer Model of Boundary Layer 

Turbulent boundary layers may be considered to consist of different layers, each 
with its own characteristics. The various layers are shown in Figure 3 on a plot of ir 
versusy" [Ref. 16: p. 35]. The inner layer consists of the viscous sublayer and the log-law 
region. The remainder of the boundary layer is called the outer layer. 

D. DESCRIPTION OF THE PRESENT STUDY 

The intent of this study is to obtain turbulence structural information of an embed¬ 
ded vortex influenced by a single wall jet. A freestream velocity of 10 m/s is used and 
the boundary layer is tripped 1.08 m upstream of the wall jet. A 12 degree vortex gen¬ 
erator is positioned 0.487 m downstream from the boundary layer trip and 0.019 m off 
the tunnel centerline so that the downwash region of the generated vortex is located di¬ 
rectly above the wall jet. The jet issues from a 0.952 cm diameter hole located at the 
centerline of the tunnel and inclined at 30 degrees with respect to the horizontal. The 
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ratio of boundary layer displacement thickness to injection hole diameter 3Jd is equal 
to 0.38 at the injection site. Blowing ratios of 1.5 and 2.5 are used (blowing ratio m, is 
defined as the ratio of injectant mass flux to freestream mass flux). 

A crossed hot-wire probe is used to measure mean and instantaneous velocity com¬ 
ponents in spanwise planes at 4 different streamwise locations. These locations corre¬ 
spond to x'ld values of 5.9, 19.2, 30.1 and 70.3 (x' is the distance from the downstream 
edge of the injection hole). Data is presented for m=1.5 at all four locations and at 
x'ld= 19.2 for m=2.5. Baseline measurements consist of turbulence surveys for the 
following three conditions at x'jd= 19.2: (1) boundary layer with no vortex, no injection 
(2) boundary layer with 12 degree vortex generator installed, no injection (3) boundary 
layer with injection (m= 1.5), no vortex. Contour plots of streamwise mean velocity, 
five of the six Reynolds stress tenser components, turbulence triple products and 
streamwise vorticitv are Given for each measurement location and flow condition in ad- 
dition to cross-flow velocity vector plots. 

E. THESIS OUTLINE 

The material in this thesis is organized as follows. Chapter II describes the wind 
tunnel, injection system and vortex generator. The details of the hot-wire anemometer, 
data acquisition, computer and probe traversing systems are discussed in Chapter III. 
Experimental results are presented in Chapter IV and conclusions are summarized in 
Chapter V. Descriptions of the software developed for this research are provided in 
Appendix A. Appendix B contains all the figures and plots referred to in the text. 
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II. EXPERIMENTAL APPARATUS 


A. WIND TUNNEL AND TEST SECTION 

The experiments were performed in the open circuit, subsonic wind tunnel shown 
schematically in Figure 4. The wind tunnel was manufactured by Aerolab and is located 
in the laboratories of the Mechanical Engineering Department at the Naval Postgrad¬ 
uate School. At the tunnel inlet, air from inside the room passes through a cloth filter 
and enters a centrifugal blower at the upstream end of the tunnel. The blower discharges 
into a diffuser section containing a dust filter pack and four baffle vanes which reduce 
noise and minimize the likelihood of flow separations. A 1.6 mm clearance between the 
blower outlet and the diffuser inlet isolates the wind tunnel test section from blower vi¬ 
bration. From the diffuser, the flow passes through a header containing a honeycomb 
and three anti-turbulence screens. A 2-dimensional 16:1 contraction ratio nozzle leads 
from the header to the test section. The test section is a rectangular duct 3.05 m long 
and 0.61 m wide. The top wall (ceiling) is a continuous panel fabricated from 4.76 mm 
thick LEXAX sheet. The height of the ceiling panel can be adjusted along the length 
of the test section in order to control the streamwise pressure gradient. Adjustments are 
made in order to maintain a zero pressure gradient (to within .018 cm of water with no 
vortex or injection). For these experiments, the nominal height of the ceiling panel at 
the nozzle exit is 23 cm. Air speed through the test section is adjustable from 5 to 40 
m/s. The freestream turbulence intensity is about 0.10 percent for freestream velocities 
of 20 to 30 m/s. The freestream velocity used here is 10 m/s and the freestream turbu¬ 
lence intensity is 0.16 to 0.20 percent. The flow is tripped at the entrance to the test 
section with a 1.5 mm high tape strip. A schematic of the test section is shown in Figure 
5. 

The coordinate system origin is located on the lower wall of the test section at the 
intersection of the trip and the spanwise centerline. The positive x direction is measured 
downstream from the trip. The positive y direction is measured upward from the bottom 
wall and the positive z direction is measured to the right of the longitudinal centerline 
when looking downstream. The leading edge of the vortex generator delta wing is posi¬ 
tioned 48.7 cm downstream from the trip and the downstream edges of the injection 
nozzles are located 10S cm from the trip. Also indicated in Figure 5 are the four 
streamwise locations (denoted A', A”, B and C) where the hot-wire probe is positioned 
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for data collection. To designate the distance from the downstream edge of the injection 
holes, the symbol x' is used. A total pressure probe is used to measure freestream ve¬ 
locity and is positioned 95 cm downstream from the trip and 20 cm off the longitudinal 
centerline (in the positive z direction). In this location, the wake of the Kiel probe is 
well clear of the generated vortex. A thermocouple is located at x=274 cm for free 
stream temperature measurement. Further information concerning the wind tunnel de¬ 
sign and qualification testing may be found in [Ref. 17: pp. 38-40]. 

B. VORTEX GENERATOR 

The vortex generator with dimensions as shown in Figure 6 is used to generate a 
single longitudinal vortex. The vortex generator, manufactured by attaching a stainless 
steel wing at a 12 degree angle with respect to the streamwise direction to a thin LEXAN 
base plate, is positioned so that the downwash portion of the generated vortex is located 
above the center injection hole. The generator remains in this position until vortex data 
runs are completed. The location and orientation of the vortex generator is shown in 
Figure 6. The same vortex generator and location is used by Craig [Ref. 18] in the in¬ 
vestigation of the effects of vortex / wall jet interactions on heat transfer. 

C. INJECTION SYSTEM 

Air for the injection system is supplied by a two stage, 150 PSIG Ingersol-Rand air 
compressor. From the compressor, the air flows through a globe valve used for throttl¬ 
ing, a moisture separator, and a rotometer (Fisher and Porter, 19.8 SCFM full scale) 
before entering a diffuser and the plenum chamber shown in Figure 7. 

The plenum chamber is constructed of 0.7 cm thick plexiglass with outside dimen¬ 
sions of 30.5 x 50.8 x 45.7 cm. Three baffle plates are positioned horizontally in the 
plenum to provide a passage for heating the injectant and to create uniform flow at the 
top of the chamber where the air enters the injection tubes. The injection air is not 
heated in this experiment. The thirteen injection nozzles have inside diameters of 0.952 
cm and are aligned in the spamvise direction with a three diameter spacing between 
centers. The middle nozzle is centered in the spanwise direction on the test section sur¬ 
face. The nozzles are positioned so that they discharge in the downstream direction at 
a 30 degree angle relative to the horizontal test section floor. 

In the present study, the interaction of an embedded vortex with injectant from a 
single film-cooling hole is of interest. Injectant from the centerline injection tube is used 
for this purpose. Thus, all other tube exits are sealed with tape except for the two on 
the ends of the row. These two are used in conjunction with the centerline tube to 
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provide injectant at controlled and measurable flow rates. Injectant from the two end 
tubes does not interact with the generated vortex. Figure 8 shows the plenum installed 
under the test section. The vortex generator and injection nozzles are also visible in this 
photograph. 

Static pressure taps in the plenum and test section side wall allow measurement of 
the pressure drop between the injection plenum and the static freestream. 
Thermocouples located in the plenum and test section are used to measure temperatures 
for determination of freestream and injection densities. 

The discharge coefficient, C d , and the blowing ratio, m, are determined for each ex¬ 
perimental run. The discharge coefficient is defined as the ratio of the actual injection 
mass flux to the ideal (isentropic) injection mass flux. 



PinA 


inj 


iP inj ) inj) ideal 


{ 1 } 


Discharge coefficient magnitudes are used to determine proper performance of the in¬ 
jection system, particularly whether or not leaks are present. 

The blowing ratio is defined as the injection mass flux divided by the free stream 
mass flux. 


m = 


P inj)-' inj 

Poo ^ oo 


{ 2 } 


In these experiments, blowing ratios of 1.5 and 2.5 were used. Details concerning 
measurement and calculation of the injection parameters C d and m are contained in [Ref. 
17 : pp. 23-26]. 
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III. HOT-WIRE ANEMOMETER AND DATA ACQUISITION SYSTEMS 


A schematic of the hot-wire anemometer and data acquisition systems is shown in 
Figure 9. A brief description of each of the major components and their operating 
principles follows. 

A. PRINCIPLES OF HOT-WIRE ANEMOMETRY 

The most common instrument used for measuring instantaneous velocities in tur¬ 
bulent flows is the hot-wire anemometer. The basic theory of operation is quite 
straightforward. A hot-wire anemometry system consists of one or more thin sensor 
wires connected to supports, each wire forming a leg of a Wheatstone bridge, as shown 
in Figure 10. adapted from [Ref. 19: p. 3]. In a constant temperature hot-wire system 
(used in these experiments) the bridge is balanced before the probe is exposed to the flow 
by means of a variable resistor. This resistance required to balance the bridge is called 
the "cold wire" resistance. The variable resistance is then increased to an arbitrary value, 
usually from 1.2 to 1.8 times the "cold wire" resistance (the value from 1.2 to l.S is called 
the overheat ratio). To operate the system, a small current (60mA) is passed through 
the circuit causing resistive heating and a temperature increase in the wire. The resist¬ 
ance of the wire increases until the bridge is rebalanced. The resistance is related to 
temperature by: 

R = R 0 (i+u(T- T„)) {3} 

where R is the resistance at temperature T, R 0 is the resistance at reference temperature 
T 0 and a is the temperature coefficient of resistance. 

When the probe is exposed to a flow, convective cooling of the wire occurs and the 
wire resistance will decrease causing a bridge unbalance. A feedback loop is used to 
detect this unbalance and the current flow in the circuit is increased by a feedback am¬ 
plifier, rebalancing the bridge. Since the feedback amplifier responds very quickly, the 
wire temperature and resistance remain virtually constant and flow velocity is measured 
as a function of bridge voltage. This bridge voltage is directly proportional to the cur¬ 
rent. 
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The most widely accepted relationship between bridge voltage and effective cooling 
velocity is given by: 

u ejr = K(E 2 - El)± {4} 

where E is the bridge voltage at effective cooling velocity U eff , and E oc is the bridge 
voltage extrapolated from forced convection calibration to U eff = 0 (no-flow voltage). 
K and n are empirical constants found by calibration. Usually, n is taken to be equal 
to 0.45 based on Collis and Williams heat transfer data [Ref. 20). The effective cooling 
velocity is defined as the component of the velocity vector that is normal to the wire. 
When the wire is inclined at an angle \p to the flow direction as shown in Figure 11, the 
effective cooling velocity, U eff is defined as: 


U e ff~ U cos \[/ {5} 

Substituting this expression into Equation (4} gives: 

^=1'co S ^ = A'(£ 2 -4)^ {6} 

where K, E oc , n and i {/ are constants for the wire in a specific orientation with respect to 
the flow. 

B. CROSSED HOT-WIRE PROBES 

Crossed hot-wire probes consist of two wires, one wire inclined at ^ 45 degrees 
and the other wire inclined at ^ -45 degrees as shown in Figure 12, where \p is the wire 

angle in the plane of the wires measured from the direction of the probe stem. For a 
crossed wire probe exposed to instantaneous velocities U and V, as shown in Figure 12, 
the effective velocities for each wire are: 


U efA = U cos + V sin = K,(E\ - E^jk {7} 

u efft = U cos ^ - V sin 1 A 2 = K 2 ($ - E^fk {8} 

If the constants K, E oc , and n are known for each wire and the bridge voltages E 

are measured on each wire, these two equations can be solved to find the two unknowns, 

namely U and V, the instantaneous velocities in the x and y directions. If the probe is 
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rotated 90 degrees, two equations in U and W will result so all three velocity components 
can be calculated. From these instantaneous velocity components, statistical methods 
are used to separate the mean and fluctuating components (see section III. J. 3). 

DANTEC type 55P51 crossed wire probes are used in these experiments. The sen¬ 
sors are 90% Platinum - 10% Rhodium with 5 fxm diameters. The two wires are 
mounted perpendicular to each other at approximately ± 45 degrees with respect to the 
supports. The two planes of the wires and their supports are separated by about 1mm. 
The active length of each wire is approximately 1mm. The "cold" resistance of each wire 
is about 3.5 ohms and an overheat ratio of 1.8 is used in all experiments. According to 
the manufacturer, the temperature coefficient of resistance oc is 0.0036 ohms/°C. The 
probe is mounted using a DAXTEC probe holder attached to a support manufactured 
in the^ Naval Postgraduate School mechanical engineering shop. The support, shown in 
Figure 13, has a notched indexing mechanism that allows the probe to be rotated in 45 
degree increments. This provides a means to reorient the probe and change from the 
uv to the uw measurement planes. In addition, the entire probe support may be rotated 
about the y axis ("yawed") for calibration purposes, as discussed in the next section. 

C. CROSSED HOT-WIRE PROBE CALIBRATION 

As mentioned earlier, K, E ec , n and \j/ must be known for each wire before Equations 
{7} and {8} can be used. These are determined by calibration, and calibrations are made 
before each experiment for two reasons. First, the effective wire angles change slightly 
each time the probe is moved from one streamwise location to another, and each time 
the probe is rotated from the uv measurement plane to the uw measurement plane. 
Secondly, wire resistance changes slightly as the wires are used. Over a 3 month period, 
over 400 hours of measurements were obtained, during which time, the cold wire resist¬ 
ances increased from 3.5 to 4.2 ohms. 

Before each calibration, the electronics are allowed to warm up to steady state con¬ 
dition. The resistance for zero flow velocity is then checked, and the overheat ratio is 
applied. Calibration is accomplished using the program HWCAL, (see Appendix B), run 
on the Hewlett Packard 9836S computer. This program is based on one described by 
Westphal and Mehta [Ref. 21]. 

The calibration is a three step process consisting of: velocity calibration in the uw 
plane, yaw calibration in the uw plane, and velocity calibration in the uv plane (this step 
is required -only for uv plane measurements). A brief description of each step follows. 
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1. Velocity Calibration in the uw Plane 

Velocity calibration involves placing the probe at a fixed orientation to a 
steady flow of known velocity U, recording the measured voltage E, and then repeating 
this procedure for a number of known flow velocities. The calibration is done outside 
the turbulent boundary layer where turbulence intensity is lowest. 

By rearranging Equation {6} to the form: 


U n 


COS \p Y 

J 



{9} 


and defining a coefficient B using: 


B = 


( cos \{/ 


( 10 } 


a simple linear relationship between E? and U n is obtained which is given by: 

E^El+BU" 


{ 11 } 


By varying the flow velocity U, and measuring the corresponding bridge voltages, a 
least-squares fit is be used to find B and E? gc with n specified. For calibrations with flow 
velocities between 4 m s and 30 m's, a good fit is obtained with n = 0.45. An example 
of an E 2 versus U n data set for one wire of a crossed wire probe is shown in Figure 14. 
From the plot, values of 8.4 and 4.0 are obtained for coefficients B oc and B. 

2. Yaw Calibration 

If the effective wire angle \j/, is known, the coefficient K, in Equation {6} can 
be calculated. To obtain the effective wire angle, a yaw calibration is performed. This 
procedure involves "yawing" the probe through a series of known angles <5 with the 
probe exposed to a steady flow. The yaw angle of the probe is changed by rotating the 
probe about the support stem. From Figure 7, the total angle of inclination is 
'Ptcd — iA + d with the wire yawed at an angle <5. At yaw angle <5, Equation {6} is: 

U cos(0 + S) = K(El - {12} 


where E b is the bridge voltage at yaw angle S. From Equation {6} with zero yaw angle: 


U cos ^ 
(£ 2 - E 2 oc )± 


{13} 
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where E = bridge voltage when yaw angle is equal to zero. Replacing K in Equation 
{12} with Equation {13} gives: 


U cos(< j/ + <5) = 


(/cos ^ 


(E] - El)~ 


{14} 



or, after rearranging and simplifying: 


tan \j/ = ( cos <5 — 



sin <5 


{15} 


Equation {15} is used to determine 4/. One way this can be done is by plotting 



versus (sin <5) for each wire. The effective wire angle, y/ can then 


be determined from the plot. Figure 16 shows a yaw calibration plot for a cross wire 
probe similar to the one used in these experiments. Here, effective wire angles t/q and 
>/q are + 45 and -46 degrees, respectively. 

In HWCAL, effective wire angles are determined directly from Equation {15} 
after the probe is moved through six different values of 5, (5 = -15, -10, -5, 5, 10 and 
15 degrees). The final 4 / for each wire is then the average of the six i/f s calculated at the 
six different yaw angles. In the present study, the probe is yawed with wires in the uw 
plane by rotating the probe support and measuring d with an attached protractor. 

With t/q B and n known for each wire, K is then calculated using Equation 
{10}. The probe is now fully calibrated for measurements in the uw plane. 

3. Velocity Calibration in the uv Plane 

Measurements in the uv plane are made with the probe rotated 90 degrees with 
respect to the uw plane. After rotation, effective wire angles change slightly if the probe 
support is not perfectly square, and aligned with respect to the flow direction. In order 
to find the effective wire angles in the uv plane, the velocity calibration is repeated. 
Because the coefficients E? oc , n, and K do not depend on the wire angle, a least squares 
fit is used to find B in Equation {11}. With B, n and K known, the effective wire angles 
in the uv plane are calculated using Equation {10}. 
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With all of these steps completed, the crossed-wire probe is fully calibrated for 
measurements in the uv plane. The program HWCAL produces a hard copy summary 
of calibration results and also writes the calibration constants to a data file which is read 
by the data acquisition programs HOTW1REUV or HOTW1REUW. 

D. HOT-WIRE ANEMOMETERS 

Two DANTEC 55M constant temperature bridges / amplifiers are used to operate 
the hot-wires. The hot-wires are connected to the bridges using 5 meter BNC cables. 
Each anemometer has a built-in 1 kHz square wave generator used to provide a test 
signal so that the frequency response of each circuit can be optimized. Optimum re¬ 
sponse is obtained by adjusting the bridge gain, high pass (HP) filter and cable com¬ 
pensation settings. Bridge gains of 3 and HP filter settings of 2 give the best results. 
Typically, the "-3 dB" point (this is the frequency at which the mean-square response of 
the anemometer has fallen to half its nominal value) is about 20kHz on each channel. 

Each anemometer has two BXC cable connectors for analog signal output. One 
signal from each wire is connected to the signal conditioner input terminals and then to 
the analog-to-digital converter for eventual determination of turbulence quantities. The 
other two anemometer outputs are used for probe calibration and are connected to the 
low-speed data acquisition system. 

E. LOW-SPEED DATA ACQUISITION SYSTEM 

A Hewlett-Packard 3497A control unit is used for low-speed data acquisition and 
analog-to-digital conversion. The low-speed data acquisition system is used to obtain 
readings of the relatively constant analog outputs from the freesteam velocity measuring 
device (Kiel probe and electronic manometer), freestream and injection thermocouples, 
and hot-wire anemometers during probe calibration. Typically, about 50 samples of 
each input are taken with a sampling frequency of 5 Hz. Temperature and pressure data 
are read by the low-speed data acquisition system during probe calibration and as tur¬ 
bulence measurements are made. The low-speed data acquisition system is used to ac¬ 
quire anemometer voltage signals only during probe calibration. 

F. SIGNAL CONDITIONER 

A DANTEC model 56X20, two-channel signal conditioner is used to low pass filter 
and amplify the anemometer output signals as turbulence measurements are made. 

The HP filters on the signal conditioner are set to the DC mode. Low pass filters 
with 10 kHz cut-off frequencies are used to remove spurious electronic noise and to 
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prevent digital aliasing. A gain of 2 (with 0 offset voltage) is also applied to each circuit, 
to optimize use of the voltage range (±10 Volts) of the analog-to-digital converter. The 
exact gains and offsets for each circuit are measured and recorded before each exper¬ 
iment. The offsets are found by shorting the signal conditioner inputs and recording the 
outputs from the analog-to-digital converter. The system gains are found by inputting 
a 1.5 kHz sinusoidal signal of known RMS voltage and comparing this value to the 
analog-to-digital converter outputs. Measured gains and offsets have typical values of 
1.925 and 0.0005 Volts, respectively. These calculations are performed by the computer 
system as one of the preliminary steps in the data acquisition programs HOTWIREUV 
or HOTWIREUW. During measurements, signal conditioner outputs are also moni¬ 
tored using an oscilloscope connected in parallel with the analog-to-digital converter. 

G. HIGH-SPEED ANALOG-TO-DIGITAL CONVERTER 

Analog signals from the signal conditioners are digitized so that signals can be read, 
processed and stored by the digital microcomputer. A Hewlett-Packard 6944A Series 
200 Multiprogrammer with a buffered 69759A A D card is used. The buffer feature al¬ 
lows digitized data to be stored in the multiprogrammer while the computer is perform¬ 
ing other tasks and is unavailable to read data. When the computer is free, a portion 
of the buffer contents can be read, freeing up memory space in the buffer. This allows 
continuous data acquisition as long as the rate at which data is read by the computer is 
greater than the rate that data is written to the buffer. 

The sampling rate and the number of samples collected at each data point are 
specified so that accurate time-averaged velocity values are obtained. Figure 17 shows 
a portion of the mean velocity profile in the turbulent boundary layer near a flat plate 
measured with different combinations of sampling frequency and sample size. From this 
experiment, a sampling frequency of 5,000 Hz per channel and a sample size of 20,000 
samples per channel was selected. This combination results in 4 seconds of real sample 
time per channel at each data point. With a flow velocity of 10 m/'s and a boundary 
layer thickness of 2 cm, the typical time-scale of large scale eddies (which affect bound¬ 
ary layer mean velocities) is given by <5/U = 0.02/10 = 0.002 seconds. The ratio of real 
sampling time to eddy time-scale is then 4/0.002 = 2000. The accuracy of the time- 
average of mean velocities increases as this ratio increases. Decreasing the sampling 
frequency or increasing the number of samples results in an increase of this ratio. Un¬ 
fortunately, increasing sample size dramatically increases computer run time and 
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lowering the sampling frequency could result in less resolution of small time-scale tur¬ 
bulence features. The chosen parameters represent a practical compromise. 

The high speed analog-to digital converter card reads analog inputs and converts 
them to 12-bit binary numbers. The card is configured to measure analog inputs ranging 
from -10.240 Volts to + 10.235 Volts. A -10.240 Volt input is assigned the binary value 
-2047, zero voltage input is assigned the binary value 0, and a 10.235 Volt input is as¬ 
signed the binary value +2048. The 20.475 Volt input range is thus divided into 4096 
increments of .005 Volt size. 

H. PROBE TRAVERSING 

For all surveys except two, the hotwire probe is traversed through a 3.0 x 4.5 inch 
spanwise normal (yz) plane divided into 228 nodes spaced 0.25 inches apart. For two 
other more detailed surveys, a 1.5 x 2.0 inch plane is divided into about 300 nodes spaced 
0.1 inches apart. During a survey, the probe is automatically moved from one node to 
the next using the 2-axis traversing device shown in Figure 18. The probe support stem 
is secured to a traveling block which is moved in the y and z directions by two lead 
screws, each with 20 threads-per-inch pitch. The lead screws are rotated using D.C. 
stepping motors (SLO-SYX M092-FD310) which are controlled by a MODULYXX 
MITAS controller (type PMS085-C2AR) and driven by a MODULYXX MITAS drive 
(type PMS085-D050). The motor controller is operated in the remote mode, as it is 
linked to the microcomputer by means of a Datacomm interface card and cable. This 
allows probe traversing commands to be included in the data acquisition software 
HOTWIREUV or HOTWIREUW. 

I. MICROCOMPUTER 

The workhorse of the system is a Hewlett-Packard model 9836S Series 300 com¬ 
puter. The computer is equipped with interface cards that link it to the high-speed 
analog-to-digital converter, low-speed data acquisition system, and the motor controller. 
The computer is also equipped with a 3.5" disk drive, a 10 Mbyte hard disk, a printer 
and a plotter. 

J. DATA REDUCTION 

As mentioned earlier, 20,000 samples per channel are collected at each node. With 
2 channels and 228 nodes, over 9.1 million samples are collected per survey. The re¬ 
duction of this data is done on line, by the microcomputer as the data is collected. The 
reduction of data includes the following three steps: 
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1. Temperature Drift Correction 

A 228 node turbulence survey requires about 18 hours to complete. It is not 
realistic to assume that the freestream air temperature remains constant during this time 
period. Because the calibration constants E? oc and K from the velocity calibration are 
dependent on the "cold wire resistance" at the freestream air temperature during cali¬ 
bration, a change in freestream temperature from this value causes a change to the 
hotwire calibration.. To correct for such variations resulting from drift of the freestream 
temperature, the measured bridge voltage, E meosured , is corrected using: 


E-corr E measlire Jy 1 4* C) 


{16} 


where: E co „- corrected voltage, E meosured = measured voltage, and C = temperature cor¬ 
rection factor given by: 


C = 2(Off*-.) (T -~ T ^ (17} 

where: a = temperature coefficient of resistance, OHR= overheat ratio, 7^= freestream 
temperature, and T eo ,— freestream temperature at time of calibration. 

2. Look-up Table 

The use of Equations {7} and {8} to calculate effective velocities from bridge 
voltages for each of the 9.1 million measurements per survey is extremely time consum¬ 
ing. This is because these calculations involve exponential functions which are relatively 
time consuming compared to addition and multiplication. To minimize the time used 
for on-line data processing, a look-up table is used instead. The look-up table contains 
one effective velocity for each of the 4096 binary values assigned to voltages by the 
high-speed analog-to digital converter. This means that Equations {7} and {8} are each 
used only 4096 times to calculate effective velocities from voltages rather than 9.1 million 
times, which represents a huge savings in computer run time. Because appropriate cali¬ 
bration coefficients and system gains are used in the determination of look-up table 
values, they are automatically accounted for as effective velocities are determined. When 
the table is used, the computer simply reads a binary value from the high-speed analog- 
to-digital converter, finds this value in the look-up table and reads the corresponding 
effective velocity. The look-up table contains two effective velocity arrays, one for each 
of the crossed wires. 
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With the effective velocities known for each wire, the instantaneous velocities 
U and V, or U and W, can be calculated from Equations {7} and {8}. Instantaneous 
velocities must still be calculated 9.1 million times per survey but this calculation is much 
faster than the effective velocity calculation because no exponential functions are in¬ 
volved. 

3. Calculation of Turbulence Statistics 

The collection of 20,000 samples per wire at each node is done in ten loops, each 
containing 2,000 samples. This is done because computer memory limits the array size 
to 2,000 elements. Turbulence statistics are calculated and averaged for each loop; the 
averages from the ten loops are then averaged. 

With this procedure, turbulence statistics (in the uv plane) are calculated as 

follows: 


u = S u 

V = Sy 



-s u s 


u 


— SyS 


V 


(»fy' = s uuv - S,.(S„S„ - (u') 2 ) - 2 S„»V 
«V ) 2 = S uvv - s u (s,s v - (.f) - 2 sys 

u ~ Suuu ~ $ U (S U S U + ->(w ) ) 

7 3 = S vl ... - S V .(S„S„ + 3(v-') 2 ) 


{18} 
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In these equations, U and V are instantaneous velocities. 

For the uw measurement plane, turbulence statistics are calculated using the 
following equations: 


u = S u 
w = S w 

u = S uu — S U S U 

w Vv 

u w = S utw , — S U S W 

MV = S uuw - S W (S U S U - (u'f) - 2SjFw' 
u'{w') 2 = S uvv .„ - S U {SJS W - (w') 2 ) - 2 S w 7lW 
^ = S uuu - S U (S U S U + 3 (uf) 
u' 3 = S www — + 3(iv') 2 ) 


{ 20 } 
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U and W are instantaneous velocities. 
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IV. EXPERIMENTAL RESULTS 


A. CALCULATIONS 

All results are presented in graphical form. A directory of the software used to make 
all calculations and to plot the results is included in Appendix B. A summary of the 
important calculations is presented here. 

1. Normalization of Results 

Average velocities, Reynolds stress tensor components, and triple products are 
normalized with respect to the freestream velocity. The plotted quantities are then 
u/U e , v' 2 IUl, u'hv'lU) etc., where U e is the freestream velocity at the top of each column 
of nodes in the survey. For example, in a survey with 0.25 inch node spacing, the nodes 
are arranged in 19 columns with 12 nodes in each column. The top node of each column 
is well outside of the boundary layer so the measured u is equal to the freestream ve¬ 
locity, u = = L\ . A different normalizing velocity, U e , is used for each column to 

correct for any small change or drift of the freestream velocity during the survey. Typi¬ 
cally, the freestream velocity decreases about two percent in the 18 hours required to 
complete a 22S node survey. By measuring the freestream at the top of each column of 
nodes and using these 19 velocities for normalization, the normalized results result reflect 
a freestream velocity that is constant to within 0.1 percent. 

2. Normalized Secondary Flow Vectors, V 

The vector sum of the normalized vertical and spanwise mean velocities, v/U e 
and T/ U t , is calculated and plotted at each node. The magnitude of the vector is: 



{ 22 } 


The direction of the vector, measured counter-clockwise from the positive z-axis is: 



{ 23 } 
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3. Streams ise Vorticity, o x 


The streanrvvise component of vorticity, is defined as: 


6w dv 



{ 24 } 


oj x is estimated at each node using the central-fmite-difference equation: 


co^O,z) 


wO + A, z) — w(y — A, z) 

— 


vp, z + A) - vp, z - A) 
2A 


{25} 


where A is the node spacing. A uniform grid is used so A, = A 2 = A. The vorticity cal¬ 
culated with Equation {25} is dependent on node spacing. The maximum vorticity cal¬ 
culated using 0.1 inch node spacing is almost twice that calculated using 0.25 inch 
spacing for identical flow conditions. Part of this discrepancy is believed to be due to 
spatial resolution errors of the hot-wire probe in regions where severe velocity gradients 
occur, i.e., near the vortex center. Because c o x depends so strongly on node spacing, 
quantitative comparisons of vorticity can only be made between measurements made 
with equal node spacing. 

Two node spacings are used in this study. The majority of the measurements 
are made with 0.25 inch spacing. However, surveys for two flow conditions are made 
with 0.10 inch spacing. The maximum vorticity for each experiment, and the y, z coor¬ 
dinates of the node with maximum vorticity are denoted as Wxmax, Ycen, and Zcen 
respectively on the vorticity plots. 

4. Circulation, T 

Circulation, T, is defined as the line integral around a closed curve, C, of the 
velocity component, V„ tangent to the curve: 


r = 



{26} 


where dl is an elemental arc length along curve C. By Stokes' theorem, this line integral, 
when evaluated around a closed curve in the y-z plane, is equal to the streamwise 
vorticity integrated over the area enclosed by the curve: 

r=&V r dl= f (o x dA {27} 

‘’C 

Here, A is the area enclosed by the curve C, and dA is an elemental area. 
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Circulation is estimated using a method proposed by Schwartz [Ref. 12: pp. 
17-18]. In this method, the circulation is calculated by multiplying the vorticity at each 
node by the area enclosing the node, and then summing this product, (co^A 2 ), over all 
nodes where the vorticity exceeds some arbitrary’ threshold level. The threshold level 
chosen here is ten percent of the maximum vorticity measured at probe location B with 
no injection. This maximum vorticity, measured with 0.25 inch grid size, is 569.9 s~ l 
giving a threshold level of 56.99 s~ l . Circulation is not calculated for 0.10 inch node 
spacing surveys because the measurement grid is not large enough to include all nodes 
where the vorticity is above the threshold level. The threshold level provides a means 
of filtering small values of spurious vorticity "noise" from the integration. Circulation 
is denoted as Cr on the vorticity plots. 

A non-dimensional parameter relating circulation, V, to injectant (cooling) jet 
velocity, U c , is given by: 


XDr >-fc m 

where d is the injection hole diameter [Ref. 12: p. 18]. This parameter is calculated and 
listed on vorticity plots where injection is used. 

5. Vortex Core Size 

The average vortex core radii in the y and z directions, Ycore and Zcorc, are 
estimated using two approaches. In the first method, proposed by Schwartz [Ref. 12: 
p. 19], all vorticity is assumed to be contained within the vortex core and the core 
boundary is assumed to be located where secondary velocity vectors reach local maxima. 
Ycore is estimated by measuring, in the + y and -y directions, the distances from the 
node of maximum vorticity (core center) to nodes where secondary velocities are maxi¬ 
mum (core edges). The average of these two distances gives Ycore. Zcore is estimated 
by measuring in the +z and -z directions. The disadvantage of this method is that the - 
core edge location is estimated to the nearest node, so the core dimensions are estimated 
to an accuracy of only ± A. 

A second method is proposed by Craig [Ref. 18: pp. 23-25] and is based on a 
method described by Westphal et al [Ref. 9: p. 7]. In this method, the core is assumed 
to extend from the node of maximum vorticity to a boundary where the vorticity is 40 
percent of the maximum. This 40 percent value is chosen since Craig's data shows this 
to approximately correspond to locations where secondary flow vectors are maximum. 
This method is advantageous because the location of the core boundary is not 
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"rounded-off' to the nearest node. If core boundaries are located between nodes, linear 
interpolation is used to find the core dimensions. Ycore and Zcore are calculated using 
both methods and are listed on the vorticity plots. 

B. SURVEY CONDITIONS AND PARAMETERS 

The conditions and parameters for each survey are shown in Table 1. Discussion 
of results proceeds in the same order as surveys are listed in Table 1. 


Table 1. SUMMARY OF SURVEY CONDITIONS AND PARAMETERS 


Run Number 
(Date/Time) 

Probe 

Location 

Probe 

Orientation 

Node 

Spacing 

(in) 

Blowing 
Ratio, m 

Vortex 

Generator 

31689.1412 

B 

uv 

0.25 

0 

NO 

31789.1222 

B 

uw 

0.25 

0 

NO 

31889.1 131 

B 

uv 

0.25 

1.5 

NO 

31989.1 131 

B 

u\v 

0.25 

1.5 

NO 

21489.2041 

B 

uv 

0.25 

0 

YES 

215S9.2146 

B 

u\v 

0.25 

0 

YES 

30389.1945 

B 

uv 

0.10 

0 

YES 

305S9.0045 

B 

uw 

0.10 

0 

YES 

22289.1659 

B 

uv 

0.25 

1.5 

YES 

227S9.1223 

B 

u\v 

0.25 

1.5 

YES 

30689.1355 

B 

uv 

0.10 

1.5 

YES 

307S9.2005 

B 

u\v 

0.10 

1.5 

YES 

31 189.1531 

A' 

uv 

0.25 

1.5 

YES 

312S9.1422 

A' 

u\v 

0.25 

1.5 

YES 

31389.1941 

A" 

uv 

0.25 

1.5 

YES 

31489.1701 

A" 

uw 

0.25 

1.5 

YES 

30989.1655 

C 

uv 

0.25 

1.5 

YES 

31089.1529 

C 

uw 

0.25 

1.5 

YES 

218S9.1108 

B 

uv 

0.25 

2.5 

YES 

219S9.1355 

B 

uw 

0.25 

2.5 

YES 

Notes: 

1. Freesiream velocity = 10.0 m's 

2. Probe locations.... A': x',d= 5.9, A": x/d= 19.2, B: x'/d= 30.1, C: x'!d= 70.3 

3. 12 degree vortex generator positioned with leading edge at: x= 48.7cm, z— 1.9cm 
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C. BASELINE DATA 

1. Boundary Layer 

Measurements (made with 0.25 inch grid size) of the turbulent boundary layer 
at probe location B with no injection and no vortex generator are plotted in Figures 
19-33. 

Figure 19 shows the fluctuating velocity distributions plotted with data from 
Klebanoff [Ref. 22: p. 34]. The data show very good agreement, particularly in the v' 
and w' profiles. The measured streamwise fluctuating velocity component, u ', was five 
to ten percent higher than found by Klebanoff. Other researchers, including Orlando 
et al [Ref. 23: p. 84] and Wang et al [Ref. 24: p. 8] have also measured higher values of 
u! in the outer region of the boundary layer and have attributed this difference to a 
higher freestream turbulence intensity than was present in Klebanoffs work. The 
freestream turbulence intensity in the present study is roughly ten times that in 
Klebanoffs study. 

Figure 20 shows the turbulent shear stress distribution in the boundary’ layer. 
These results are also plotted with data from Klebanoff [Ref. 22: p. 35]. Excellent 
agreement is seen in this data. 

The mean velocity, fluctuating velocity and z' xy contours, Figures 21-25, show 
the boundary layer to be spanwise uniform except for a small perturbation appearing 
at the location of the injection hole (z = 0). The perturbation may be caused by the tape 
strip covering the hole during this baseline survey. Whatever the cause, the perturbation 
is insignificant compared to the effects of the injeetant air flow during vortex / wall jet 
interaction measurements. The r' x . and triple product contours in Figures 26-33 are not 
informative because these quantities are relatively constant over large areas of the plots. 
Consequently, scattered contour levels with very narrow ranges are present which can 
not be plotted accurately with the contouring software. 

2. Boundary Layer / Wall Jet Interaction 

Figures 34-49 show the effects of injection (m= 1.5) on the boundary layer 
structure at probe location B. The jet displaces the boundary layer away from the wall 
creating a dome-shaped u deficit centered at the location of the jet axis (z=0). Two 
relatively weak vortices with opposing rotations form on opposite sides of the jet. The 
vortex on the -z side rotates in the counter-clockwise direction, the vortex on the +z side 
rotates in the clockwise direction. In the counterclockwise vortex, the spanwise shear, 
u'w', shows large positive values and the triple products w' 3 and u' 2 w' show large negative 
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values. In the clockwise vortex, the spanwise shear is negative and these two triple 
products have positive values. Common to both vortices is a region of large positive 
u'\ Between the vortices, at z = 0, a region of large negative u' 3 exists near the wall. A 
dome-shaped region oflarge positive v' 3 projects outside the boundary layer at z = 0. A 
similarly shaped structure is seen in the i/V, mV 2 and u’w’ 2 contours. The boundary 
layer away from the jet in the -z direction shows little or no distortion due to the pres¬ 
ence of the jet. 

3. Boundary Layer / Vortex Interaction 

With the vortex generator installed as described in Chapter II, measurements 
were made at probe location B using two node spacings, A = 0.25 inches and A = 0.10 
inches. 

a. A = 0.25 inches 

Figures 50-65 show the turbulence structure resulting from the interaction 
of the boundary layer and the generated vortex. The vortex center, located at z = -3.18 
cm, y = 2.46 cm, is surrounded by a region of relatively low streamwise velocity. The 
vortex down wash forces freestream flow towards the wall resulting in a very thin 
boundary layer at — 3 < z < 0. The reverse effect is seen at — 7 < z < — 3 where the slower 
moving fluid is convected away from the wall by the vortex upwash, creating a thick 
boundary layer. The streamwise vorticity, a) x , calculated with A = 0.25 inches is equal 
to 569.99 s~K This is the vorticity upon which the threshold level is based (for calcu¬ 
lation of circulation). The vortex core is essentially circular with an average radius of 
0.71 cm. Large gradients in the normal Reynolds stress components u' 2 , v' 2 and vv' 2 , exist 
in the vortex core. These stresses are larse at the vortex center and in the downwash 
region near the wall. Regions of positive Reynolds shear stress, u’V and u'w', exist near 
the vortex core. Steep, decreasing gradients of these shear stresses are seen at z « —6. 
Large triple product gradients exist near the wall in the downwash region of the vortex. 
Similar trends are described by Shabaka, Mehta and Bradshaw [Ref. 5] except near the 
vortex core where large normal Reynolds stress gradients were not found as described 
here. 

b. Is. — 0.10 inches 

To resolve the structure of the boundary layer / vortex interaction into 
greater detail, the experiment was repeated using node spacing of 0.10 inches. The lo¬ 
cation of the grid was chosen to include the regions where the most significant turbu¬ 
lence structure changes were expected to occur (the vortex upwash region and the 
near-wall region between the injection hole and the upwash). The results are shown in 
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Figures 66-80. Compared to the A = 0.25 inch results, these results are smoother with 
more coherent contours. Comparison of A = 0.25 and A = 0.10 plots show excellent 
qualitative and quantitative agreement. The most dramatic feature in the more detailed 
plots is the structure of the vortex center where local maxima and local minima of the 
diffusive transport quantities v' 3 , vv' 3 , w'V, u'v' 2 and u' 2 w' exist. These result in severe 
triple product gradients in the vortex core. Also visible in the detailed vorticity plot are 
scattered regions of negative vorticity near the wall. 

D. BOUNDARY LAYER / VORTEX / WALL JET INTERACTION 

The interaction of the boundary layer, vortex and wall jet is examined in the fol¬ 
lowing manner. First, the structure is measured at probe location B using a blowing 
ratio of m= 1.5. This is the same blowing ratio and probe location used in the baseline 
measurements. Next, streamwise development with the same blowing ratio is examined. 
Data obtained at probe locations A', A" and C are presented in addition to the data at 
location B. Finally, data obtained at probe location B using a blowing ratio of m= 2.5 
is presented to show the effect of increasing blowing ratio. 

1. Blowing Ratio = 1.5 

a. Probe Location B, A = 0.25 inches 

Figures 81-96 show the interaction of the boundary layer, vortex and wall 
jet measured at probe location B with A = 0.25. The mean velocities are dominated by 
the vortex. The high velocity injectant has been swept in the -z direction by the vortex 
as is evident by the region of high u and the upward rotation of the secondary flow 
vectors at r sr —■4 Because the wall jet is located under the vortex down wash, the vortex 
rotation is opposed and the maximum vorticity is decreased. In addition, the vortex 
center is forced away from the wall jet. The vortex center is been displaced 0.64 cm in 
the +y direction and 0.63 cm in the -z direction. The vortex core size is unchanged. 
Near the wall at zs —4.5, a weak vortex with rotation opposite to that of the main 
vortex exists. 

The spatial extents of the high normal Reynolds stress regions near the 
vortex center are increased because of the wall jet. The dome-shaped region of low 
streamwise turbulent shear stress u'v', most evident for wall jet data / boundary layer 
data with no vortex, has decreased in size and has moved in the -z direction to z= -3.5. 
A region of negative spanwise shear, u'w', which becomes less negative as y increases, 
is present near the wall at z= -2.5. The direction and shape of the gradient is similar to 
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the u'w' gradient observed on the +z side of the wall jet in the boundary layer / wall jet 
baseline data. 

The effect of the wall jet on turbulent transport is largest near the wall at 
—5 < z < — 1. Here, spanwise uniform distributions with no wall jet are disturbed with 
the addition of the jet. 

b. Probe Location B, A = 0.10 inches 

Results of the more detailed survey at probe location B with boundary layer 
/ vortex / wall jet interaction are shown in Figures 97-111. 

Existence of a secondary vortex with rotation opposite to the main vortex 
is clearly seen in Figures 97 and 98. A region of negative vorticity centered at z=-4.0, 
y = 0 is much larger and more organized than the scattered negative vorticity regions 
observed in the previous case (boundary layer and vortex with no wall jet). This region 
of negative vorticity coincides with high u. 

In the boundary layer / vortex / wall jet flow, a dome-shaped region of in¬ 
creased u' 2 exists near the wall for —4 < 2 < —2.5. Similar distributions are seen in the 
turbulent shear stresses u'v' and u'w'. The reduced node spacing also reveals severe 
gradients of u'v' in or near the vortex core. This streamwise component of turbulent 
shear stress also changes from a large positive value to a large negative value near the 
vortex center. 

The effect of the wall jet on near-wall turbulent transport distributions is 
clearly visible. With the wall jet. a region of large positive «' 3 is present near the wall 
where large negative regions of w' 3 exist without the wall jet. Similar structural changes 
are observed for the u’ 2 v', u' 2 w' and u'w ' 2 distributions. 

c. Streamwise Development 

In order to study the streamwise development of the boundary layer / vortex 
/ wall jet interaction, results are given for probe locations A', A" and C. Plots of the 
velocity, vorticity, Reynolds stress components and triple products are arranged in 
streamwise order in Figures 112-159. 

At probe location A' (5.6 cm downstream from the injection hole), the effect 
of the wall jet is very conspicuous. In Figure 118, the secondary’ flow vectors show a 
strong v component at z=-0.5. As the flow moves downstream, this v component di¬ 
minishes. At probe location C (175 cm downstream from the injection hole), no wall jet 
effect is evident in the secondary flow vectors (Figure 120). Spanwise and vertical 
movement of the vortex center is evident in Figures 115-117. The vortex center moves 
1.91 cm in the -z direction and 0.64 cm in the +y direction as the vortex travels down 
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stream from location A' to location C. As expected, the maximum vorticity decreases 
and the size of the vortex core increases as vorticity is diffused. Regions of negative 
vorticity near the wall are visible at locations A' and A". This is consistent with the 
structure observed in the boundary layer / wall jet baseline measurements which indicate 
the presence of a horseshoe vortex near the injection hole as slower moving boundary 
layer fluid "wraps" around injectant. The region of negative vorticity moves in the -z 
direction as the flow progresses downstream to become almost totally dissipated at 
probe location C. 

Mean streamwise velocity contours in Figures 121-123, show that high ve¬ 
locity injectant fluid is swept in the -z direction by the vortex. Figure 121 further sug¬ 
gests that two regions of high u fluid are created by the wall jet. As these two regions 
are swept along by the vortex, they eventually merge (see Figure 84), and streamwise 
velocity magnitudes decrease. By the time the flow reaches location C, little evidence 
of the wall jet is seen in the u contours. Similar convection and diffusion phenomena 
are also evident in the streamwise development of all Reynolds stress components and 
triple products. 

2. Blowing Ratio = 2.5 

Results in Figures 160 to 175 are for a blowing ratio of 2.5 at probe location 
B. In this case the effect of the wall jet is significantly greater than when m= 1.5. For 
m= 2.5, high u injectant has not been swept away by the vortex. A large region of high 
streamwise velocity remains at z=-l, very near the spanwise location of the injection 
hole. The maximum vorticity is reduced from 410 s -1 to 167 s _1 . The vortex core is 
enlarged and is elliptical rather than circular in shape. Distortion of the vortex core is 
also evident from the secondary flow vectors. 

The Reynolds stress component distributions are all altered significantly by the 
m= 2.5 jet. In general, the stress distributions are "flatter" and "wider'than when m=0 
or when m= 1.5, and the circular shape of the turbulence structure is now elliptical in 
shape. The same change is also evident in regard to triple product contours. In addi¬ 
tion, the structure of the vortex core is altered. Gradients between large negative and 
large positive values of v' 3 , w' 3 , w'V and u'hv', evident when m=0 and m= 1.5, are not 
present in the vortex core when m= 2.5. 
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V. SUMMARY AND CONCLUSIONS 


The turbulence structure resulting from the interaction of an embedded vortex and 
a single wall jet located under the downwash of the vortex was investigated. The vortex 
was generated using a 12 degree delta wing mounted on the test section floor. Blowing 
ratios of 1.5 and 2.5 were used with a freestream velocity of 10 m/s and zero pressure 
gradient. Baseline measurements were made for three situations: (1) boundary layer 
only, (2) boundary layer / wall jet, (3) boundary layer / vortex. Additional hot-wire 
anemometer measurements were made at four streamwise locations. The major conclu¬ 
sion of the investigation is that in the boundary' layer, the vortex significantly alters the 
turbulence structure of the wall jet and vice versa. The injectant is distorted and con¬ 
vened away from the injection hole by vortex secondary flows. In general, this spanwise 
convection and streamwise diffusion phenomena are observed in all Reynolds stress 
tensor and turbulent diffusion components. Specific results and conclusions follow. 

• Reynolds stress tensor components measured in the turbulent boundary layer (with 
no vortex or wall jet) show excellent agreement with results found in the literature 
[Refs. 22, 23 and 24]. This agreement is crucial in that it provides a basis for con¬ 
fidence in the results obtained from subsequent measurements. 

• Results of the boundary layer / wall jet baseline measurements show that two re¬ 
gions of vorticity with opposing rotations exist at opposite spanwise sides of the 
wall jet. This is believed to be due to the formation of a horseshoe vortex near the 
injection hole as the slower moving boun dary layer fluid is forced to^the si des of the 
jet. The turbulent spanwise shear, u'w', and the triple products w' 3 and u'hv' are 
opposite in sign in the two regions of opposing vorticity. The boundary layer 
above the injection hole is displaced away from the wall creating a dome-shaped 
deficit streamwise velocity region. 

• Interaction of the boundary layer and vortex results in a decrease of boundary layer 
thickness in the vortex downwash and an increase of boundar y lay er t hickn ess in 
the upwash region. Severe gradients of Reynolds shear stress, u'v' and u'w', exist 
in the vortex upwash. Large gradients of Reynolds normal stress components, u' 2 , 
v' 2 and w' 2 , were found near the vortex core. Local maxima and minima of diffusive 
transport exist near the vortex core resulting in very' severe gradients of these 
quantities. 

• In the interaction of the boundary layer, vortex and wall jet, the vortex has the 
most influence on the turbulence structure. As expected, if the blowing ratio is 
increased, the effect of the wall jet becomes larger. 

• When m=1.5, the injectant is swept towards the upwash region of the vortex. 
Wall jet stress and diffusive transport distributions are moved away from the in¬ 
jection hole and are redistributed near the wall under the vortex core. A region of 
negative vorticity is also observed at this position. 
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• Streamwise development measurements suggest that as the injectant leaves the in¬ 
jection hole, two regions of high u fluid are formed. These regions are first swept 
towards the vortex core. Eventually, they merge and diffuse as the flow moves 
downstream. 

• When m= 2.5, the wall jet is not as easily distorted as when m= 1.5. In spanwise 
normal planes, the overall turbulence structure is elliptical rather than circular. 
The struc ture of the vortex core is altered as evidenced by gradients of v' 3 , w' 3 , 
u'W , and u'hv' which are much smaller than when m = 0 or m= 1.5. 

As Theodore von Karman once said, "People working on turbulence shall never run 
out of work." Much work remains to be done towards understanding the complex tur¬ 
bulent structure described in this thesis. Work currently ongoing at the Naval Post¬ 
graduate School under the direction of Professors Ligrani and Subramanian includes the 
study of the streamwise development of a wall jet / boundary layer interaction, meas¬ 
urement of the v';v' Reynolds stress component int the boundary layer / vortex / wall jet 
interaction, and measurement of the turbulence structure resulting from a wall jet lo¬ 
cated under the vortex upwash. 
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APPENDIX A. SOFTWARE DIRECTORY 


Calibration, data acquisition and plotting programs are written in the HP-BASIC 
language. Program names and descriptions are provided here. 


Program name Description 

AVG Reads from uv and uw data files and normalizes u, u' 2 and w' 3 at 

each node with respect to &ubar, TP or IP measured at the top of 
each column of nodes. Averages normalized quantities from uv and 
uw data files. Results are plotted in contour format. 

HOTWIREUV Data acquisition program for measurements in the uv plane. 

Measures actual system gain and offset, then constructs look-up 
table using probe calibration constants read from file Cal#UV. The 
program includes commands to automatically move the probe 
through the desired number of n ode s at the desired node spacing. 
Calculates u, u' 2 , v' 2 , w' 3 , v' 3 , u'W and u'v' 2 at each node. The results 
are written to a data file named by the user. This file is referred to 
as the uv data file. 


HOTWIREUW Data acquisition program for measurements in the uw plane. 

Reads probe calibration constants from file Cal#UW and writes 
results to the uw data file. 


HWCAL Performs velocity and yaw calibration for crossed wire probe. Cal¬ 

ibration constants for measurements in uv and uw planes are writ¬ 
ten to files Cal#UV and Cal#UW respectively. In these file names, 
# is an integer automaticallv assicned to index the calibration files. 
Each time the probe is calibrated, # is incremented. This allows a 
complete history of probe calibration to be retained on a floppy 
disk. 


SETCOND Calculates blowing ratio, discharge coefficient and freestream ve¬ 

locity before each experiment. User must input total freestream 
pressure, pressure drop across injection holes, number of injection 
holes in use, and injectant flow rate. 

HWVECTOR Reads from uv and uw data files, calculates magnitude and direc¬ 
tion of secondary flow vectors. Vector magnitudes are normalized 
with respect to u measured at the top of each column of nodes. 
The normalized secondary flow vectors are plotted at each node. 

VORTY Reads from uv and uw data files, calculates streamwise vorticity at 

each node. Circulation, based on a vorticity threshold of 56.99 s~ l 
(40% of maximum vorticity measured at probe location B with a 
12 degree vortex generator and no injection). Two methods are 
used to estimate vortex core radii, Ycore and Zcore. In the first 
method, secondary flow vector magnitude is used to locate the core 
boundary, in the second method, vorticity magnitude is used. The 
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2UV 

2UW 

3UY 

3UW 


location of the vortex center is also calculated. Results are pre¬ 
sented in contour plot format. 

Reads data from uv data file and plots contours of v' 2 and u’ /nor¬ 
malized with respect to TP measured at the top of each column of 
nodes. 

Reads data from uw data file and plots contours of w’ 2 and u’w’ 
normalized with respect to TP measured at the top of each column 
of nodes. 

Reads from uv data file and plots contours of v' 3 , u' 2 v ' and u'v' 2 
normalized with respect to TP measured at the top of each column 
of nodes. 

Reads from uw data file and plots contours of vv' 3 , u'hv' and u'w' 2 
normalized with respect to TP measured at the top of each column 
of nodes. 
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Figure 2. Instantaneous velocity components 
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Figure 3. Multilayer turbulent boundary layer 
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Figure 4. Schematic of wind tunnel 
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Figure 5. Test section schematic 


38 


















Air Flow 


V 



Figure 6. Vortex generator 
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Figure 7. Plenum and injection tubes 
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Figure 8. Photograph of plenum and test section 
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Figure 9. Schematic of hot wire and data acquisition systems 
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Figure 10. Block diagram of constant temperature anemometer 


43 

























Figure 11. Effective cooling velocity 
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Figure 12. Effective velocities for crossed wire probe 
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Figure 13. Probe support 
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VELOCITY CALIBRATION 



Figure 14. Velocity calibration plot 
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Figure 15. 



Wire inclined at i[/ + 6 
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YAW CALIBRATION 
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Figure 16. Yaw calibration plot for crossed wire probe 
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VELOCITY PROFILES 



Figure 17. Mean velocity profile in turbulent boundary layer measured using vari¬ 
ous sampling frequencies and sizes 
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figure 18. Tuo-nxis traversing carriage 
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Figure 19. Fluctuating velocity components in turbulent boundary layer 
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Figure 20. Turbulent shear stress distribution 
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Figure 21. 


a (boundary layer, station B, A — 0.25 inches) 
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Figure 22. w 72 (boundary layer, station B, A - 0.25 inches) 
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Figure 23. 


v' 2 (boundary layer, station B, A — 0.25 inches) 
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Figure 25. wV (boundary’ layer, station B, A - 0.25 inches) 
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Figure 26. kV (boundary layer, station B, A = 0.25 inches) 
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Figure 27. «' 3 (boundary layer, station B, A - 0.25 inches) 
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Figure 28. v ' 3 (boundary’ layer, station B, A = 0.25 inches) 
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Figure 29. w' 3 (boundary layer, station B, A - 0.25 inches) 
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Figure 30. h'V (boundary layer, station B, A = 0.25 inches) 
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Figure 31. «V 2 (boundary layer, station B, A - 0.25 inches) 
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Figure 32. w'V' (boundary layer, station B, A = 0.25 inches) 
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Figure 33. 
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Figure 34. Mean Velocities (boundary layer / wall jet, station B, A 0.25 inches) 
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Figure 35. Streamvvise Vorticity a) x 
A = 0.25 inches) 


(boundary layer / wall jet, station B, 
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Figure 36. Secondary Flow Vectors (boundary layer / wall jet, station B, 
A = 0.25 inches) 
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Figure 37. « (boundary layer / wall jet, station B, A - 0.25 inches) 
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Figure 38. 


o' 2 (boundary layer / wall jet, station B, A — 0.25 inches) 
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Figure 39. v' 2 (boundary layer / wall jet, station B, A - 0.25 inches) 
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Figure 40. 


w' 1 (boundary layer / wall jet, station B, A — 0.25 inches) 
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Figure 41. 


i/v' (boundary layer / wall jet, station B, A 0.25 inches) 
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Figure 42 


i/w' (boundary layer / wall jet, station B, A — 0.25 inches) 
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Figure 43. 


i/ 3 (boundary layer / wall jet, station B, A — 0.25 inches) 
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Figure 44. 


v ' 3 (boundary layer / wall jet, station B, A — 0.25 inches) 
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Figure 45. h>' 3 (boundary layer / wall jet, station B, A - 0.25 inches) 
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Figure 46. 


i/ 2 v' (boundary layer / wall jet, station B, A — 0.25 inches) 
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Fi°ure 47. «V 2 (boundary layer / wall jet, station B, A-0.25 inches) 
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Figure 48. i/ 2 w' (boundary layer / wall jet, station B, A = 0.25 inches) 
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Figure 49. wV' 2 (boundary layer / wall jet, station B, A 0.25 inches) 
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Figure 50. Mean Velocities (boundary layer / vortex, station B, A - 0.25 inches) 
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51 . Streamwise Vorticity o> x (boundary layer / vortex, station B, A 0.2s 
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Figure 52. Secondary Flow Vectors (boundary layer / vortex, station B, A = 0.25 
inches) 
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Figure 53. u (boundary layer / vortex, station B, A - 0.25 inche s) 
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Figure 54. u! 1 (boundary' layer / vortex, station B, A = 0.25 inches) 
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Figure 55. 


v' 1 (boundary layer / vortex, station B, A — 0.25 inches) 
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Figure 56. w' 2 (boundary layer / vortex, station B, A - 0.25 inches) 
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Figure 57. u'v' (boundary layer / vortex, station B, A - 0.25 inches) 
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Figure 58. w'w' (boundary layer / vortex, station B, A 0.25 inches) 


91 










m 

z 

o 


cr 

h- 

X 


m 

< 


S) 

11 

e 


0 

ZD 

\ 


& 

o 

f— 

cr 

or 

u 

z 

LJ 


< X 

' LJ 

^ £ 
o 
> 

u 

u 

or 

u 

Q 


ru 




in 

1 

in 

i 

(0 

in 

in 

1 

LJ 

LJ 

1 

i 

y 

\ 

CD 

<71 

y 

y 


01 

CO 

n 

n 

• 

£ 

♦ 

♦ 

♦ 

® 

CO 

s 

CD 

1 

N/ 

TO 

v 

l 

v' 

ru 

V 

10. 

ru 

s 

in 

1 

in 

i 

N/ 

CO 

m 

i 

y 

II 

—« 

UJ 

u 

1 


s 

CO 

01 

Ld 

n 

<D 

s 

01 

(0 

m 

m 

□ 

s 

♦ 

♦ 

♦ 

• 


1 

CO 

( 

cn 

i 

▼ 

i 

ru 


A 

*•» 

A 

A 

A 


•• 

•• 

** 

- 

** 


in 

CO 

IN. 

CD 

01 


X 






-J 

n 



in 

ru 


n 



m 

s 

ru 

ru 

rv 


— • 

z 

S 

S 

CO 

s 

s 

,-T- 

S 

S 

—« 

s 

s 

**- 

s 

S 

s 

s 

s 

z 



s 


• 


i 

l 


1 

1 

cn 

v 

v 

1 



< 






0 ) 

in 

n 


1 % 

in 

CO 

n 


CO 

n 

D 

ru 

ru 

ru 

—« 

— • 


S 

S 

S 

s 

s 

\ 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 



) A 


Figure 59. u' 3 (boundary layer / vortex, station B, A 0.25 inches) 
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Figure 60. v' 3 (boundary layer / vortex, station B, A - 0.25 inches) 
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Figure 61. w' 3 (boundary' layer / vortex, station B, A - 0.25 inches) 
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Figure 62. u'V (boundary layer / vortex, station B, A - 0.25 inches ) 
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Figure 63. 


kV 2 (boundary layer / vortex, station B, A - 0.25 inches ) 
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Figure 64. w /2 k’ / (boundary layer / vortex, station B, A 0.25 inches ) 
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Figure 65. u'w' 2 (boundary layer / vortex, station B, A - 0.25 inches ) 
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Figure 66. Streamwise Vorticity o x (boundary layer / vortex, station B, A 
inches) 
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Figure 67. Secondary Flow Vectors (boundary layer / vortex, station B, A-0.10 
inches) 
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Figure 68. u (boundary layer / vortex, station B, A = 0.10 inches) 
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Figure 69. « /J (boundary layer / vortex, station B, A 0.10 inches) 
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Figure 70. v' 2 (boundary layer / vortex, station B, A - 0.10 inches) 
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Figure 71. »c' J (boundary layer / vortex, station B, A 0.10 inches) 
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Figure 72. //V (boundary layer / vortex, station B, A = 0.10 inches) 
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Fi°ure 73. //'w' (boundary layer / vortex, station B, A 0.10 inches) 
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Figure 74. iP (boundary' layer / vortex, station B, A - 0.10 inches) 
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Figure 75. v' 3 (boundary layer / vortex, station B, A - 0.10 inches) 
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Figure 76. u-' 3 (boundary layer / vortex, station B, A = 0.10 inches) 
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Figure 77. «'V (boundary layer / vortex, station B, A 0.10 inches) 
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Figure 78. wV : (boundary layer / vortex, station B, A - 0.10 inches) 
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Figure 79. 


u' 2 w' (boundary layer / vortex, station B, A 0.10 inches) 


112 















cn 

< 

QJ 

D 


\ 


CD 

z 

o 


<r 

H 

in 

s 

& 

ii 

£ 


a: 
o 

H 

_ CE 

a: 

PU u 

u 

e? 


< 

3 


x 

u 

h- 

a: 

o 

> 

u 

u 

a: 

o 

u 

p 

ru 



E u 


Q 

Q i 


10 m 
i l 

y y 

CD CD 

m cd 


— OJ — 


It 

D y 

in 

Q 


in 

i 

y 


in in 

i i 

y y 

o cvj 

a in 

— m 


® cn 


LO 

U 

o 

z 

CC 

a: 

m 

< 

□ 

\ 


OJ 

< 


m 

1 

m 

m 

in 

l 

in 

1 

y 

y 

y 

1 

y 

y 

CM 

er 

v 


in 

10 

tn 

m 

10 

s 

• 

• 

• 

• 

• 

T 

i 

10 

▼ 

| 

7 

■v 

v 

V 

V 

■v 

r> 

m 

m 

in 

m 


i 

i 

i 

l 

— 

y 

y 

y 

y 

s 

rvj 

CD 

v 

cn 

cs 

10 

O) 

n 

10 

s 

• 

• 

• 

• 


0) 

N 

j 

10 

i 

▼ 

| 

- 

- 




s 

— 

CVI 

m 

▼ 


rvj 

("=») A 


Figure 80. w'h' : (boundary layer / vortex, station B, A = 0.10 inches) 
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Figure 81. Mean Velocities (boundary layer / vortex / wall jet, station B, A 0.25 
inches) 
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Figure 82. 


Streams ise Vorticity o x (boundary layer / vortex / wall jet, station B, 
A = 0.25 inches) 
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Figure 83. Secondary Flow Vectors (boundary layer / vortex / wall jet, station B, 
A = 0.25 inches) 


116 












m 

z 

o 


d 

H 

tn 


in 


(U 

□ 

\ 

n3 

D 


u 

E 


d 

O 

H 

CL 

a 

u 

z 

LJ 

a 

x 

u 

H 

a 

o 

> 

LJ 

LJ 

d 

U 

U 

a 


OJ 


m 

OJ 

OJ 


cn 

CD 

IN. 

OJ 

OJ 

■a 

c 

(C 

cn 

m 

CD 


cn 

CD 

Oj 

OJ 

OJ 

* 

cn 

z 

Z) 

a 



C"=>) A 


Figure 84. u (boundary layer / vortex / wall jet, station B, A 0.25 inches) 
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Figure 85. //' 2 (boundary' layer / vortex / wall jet, station B, A = 0.25 inches) 
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Figure 86. v ' 2 (boundary layer / vortex / wall jet, station B, A = 0.25 inches) 
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Figure 87. w' 2 (boundary layer / vortex / wall jet, station B, A 0. 25 inches) 
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Figure 88. u'v' (boundary layer / vortex / wall jet, station B, A - 0.25 inches) 
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Figure 89. 


//'»»•' (boundary layer / vortex / wall jet, station B, A 0.25 inches) 
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Figure 90. 


// 3 (boundary layer / vortex / wall jet, station B, A 0.25 inches) 


123 











m 

2 

O 


d 

H 

<n 


in 


PO „ 

< e 

0 

“n d 

— 1 o 

H 

\ 21 

u 

PQ U 

< ^ 


' X 

> y 

a 

o 

> 

u 

Id 

O' 

o 

Id 

a 


OJ 




n 

r> 

tn 

— 

— 

tt 

1 

1 

l 

n 


u 

U 

U 

— 

— 

\ 

CM 

tn 


s 

S 

n 

OJ 


s 

G 

E 

• 


• 

s 

Q 


— 

r> 

m 

• 

• 

S 

• 


V 

V 

V 

V 

Q 

n 

n 

tn 

r> 


*-* 

1 

l 

i 

l 

n 

D 

u 

u 

u 

U 

— 

U 

oj 

OJ 

tn 

0) 

S 

10 

n 

OJ 

mm 

G 

□ 

♦ 

• 

♦ 

• 

s 


OJ 

1 

— 

in 

m 

• 



A 

/s 

- 

- 


in 

(0 


m 

01 


E 

a 


w cn 

N Id 

T 

r 

in 

in 

in 

o 

O 

▼ 

Q 

i 

1 

M 



u 

UJ 

z 

G 

g 

G 

m 

OJ 

d 

G 

G 

G 

tn 

CO 

a 

G 

Q 

G 

• 

• 

j 

1 

1 

CO 

ru 


V 

V 

V 

N/ 

N/ 

< 


D 

T 


m 

tn 

tu 

OJ 

a 

V 

G 

i 

D 

OJ 

— 

— 

— 

U 


G 

Q 

G 

G 

tn 

\ 

G 

G 

G 

G 

in 

G 

CD 

G 

G 

• 


• 

• 

• 

• 

in 

n 

1 

1 

1 

* 

1 

* 


< 






\ 

G 


OJ 

n 


> 


t"=>) A 


Figure 91. v' 3 (boundary layer / vortex / wall jet, station B, A 0.25 inches) 
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Figure 93. //'V (boundary layer / vortex / wall jet, station B, A 0.25 inches) 
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Figure 94. «V : (boundary layer / vortex / wall jet, station B, A = 0.25 inches) 
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Figure 95. 


// 


(boundary layer / vortex / wall jet, station B, A 0.25 inches) 
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Figure 96. //V' 2 (boundary layer / vortex / nail jet, station B ? A = 0.25 inches) 
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Figure 100. u' 2 (boundary layer / vortex / wall jet, station B, A 0.10 inches) 


133 















m 

Z 
O 
♦—« 
h- 

c 

(~ 

in 




/ 


o 


£ 


(X 



in n in ru in 
n oj — 

C wo 5 A 


r- 
G l 


V) 

\ 

E 

S 

S 


ID 

□ 


X 

< 


CD 

n 

s 

s 


in 

nj 


CB - — — 

• S Q S 


CSC 


m 

15 c 

— tc 
f: S 

c G 
G_ c . 

x v 

< 

U cn 
—• C 

G 

V G 


in 

G 

IT 

K 

G 

G 


CD 

LC 

LP 

G 

G 


07 

07 

m 

G 

G 


Figure 101. 


•/i (boundary layer / vortex / wall jet, station B, A 0.10 inches) 


134 





m 


OJ 

< 

Cj 


3 



(A 

\ 

£ 


Q 
O 

SI 

03 

□ c 


D 

Q in 

cn Q a: * 

q — — n 

® o - - 

• * s s 


»s 


s 

in 

in. 

c 

c 


2 

r\j 

< 

0) 


n 

m 

C 

Q 

G 


OJ 

< 


in m 
Q - 


G C 


n 

n 

G 

G 

G 


m 

ru 

m 

G 

C 


co n 

to — 

V LC 

G C 

G G 


- w n 


C ) A 


Figure 102. h- 


(boundary layer / vortex / wall jet, station B, A - 0. 10 inches) 
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Figure 104. //V' (boundary layer / vortex / wall jet, station B, A - 0.10 inches) 
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Figure 107. h-° (boundary layer / vortex / wall jet, station B, A 0.10 inches) 
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Figure 108. «'V (boundary layer / vortex / »all jet, station B, A - 0.10 inches) 
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Figure 109. u'v' : (boundary layer / vortex / 'vail jet, station B, A 0.10 inches) 
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Figure 110. u' : w' (boundary layer / vortex / Mall jet, station B, A = 0.10 inches) 
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Figure 111. 


i/'h ' 2 (boundary layer / vortex / wall jet, station B, A 0.10 inches) 
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Figure 112. 


Mean Velocities (boundary layer / vortex / nail jet, 


station A', 


A = 0.25 inches) 


145 


017 <.077 9 : > l . 1 1G 














d 

2 

O 


d 

H 

LD 


in 


(U 11 


d 

o 




d 

d 

.j 

z 

Ll! 

iS 


d 

o 

> 

UJ 

u 

d 

u 

UJ 

a 

rvj 



w 

\ 

E 

G 

G 

II 

0 

D 


E 

a 

vj cn 

u 

z 

d 

d 

0) 

D 


.D 

3 


(7) 

in 

<n 

s 

CO 

__ 

to 

s 

a 

<n 

<n 

S 

• 

• 

• 

♦ 

• 


V 

v 

v 



ffi 

cn 


v 


E 

in 

B 

CO 

E 

CD 

a 

<n 

cn 

• 

• 

• 

• 

• 

— 

/s 

A 



A 

~ 

- 

- 

** 

~ 

m 

CD 


CO 

CO 


\ N N CD O 

S in E in E 

CD (£ \ \ (D 


CD \ \ \ CD 

m S in E m 

m to id rv 


S - w n t 


Figure 113. 


Mean Velocities (boundary layer / vortex / wall jet, station A", 
A = 0.25 inches) 
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Figure 114. 


Mean Velocities (boundary layer / vortex / wall jet, station C, 
A = 0.25 inches) 
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Figure 116. Streamnise Vorticity c o x (boundary layer / vortex / »all jet, station 
A'', A = 0.25 inches) 
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Figure 117. 


Streamwise Vorticitv a> x (boundary layer / vortex 
C, A = 0.25 inches) 


/ wall jet, station 
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Figure 118. Secondary Flow Vectors (boundary' layer / vortex / wall jet, station 
A', A = 0.25 inches) 
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Figure 119. Secondary Flow Vectors (boundary layer / vortex / wall jet, station 
A", A = 0.25 inches) 
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NORMALIZED CROSS-FLOW VELOCITY VECTORS 
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Figure 121. w (boundary layer / vortex / wall jet, station A', A - 0.25 inches) 
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Figure 122. u (boundary layer / vortex / wall jet, station A", A = 0.25 inches) 
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(boundary layer / vortex / wall jet, station C, A 0.25 inches) 
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157 


00403 < .00644 9 :> .01208 < .0145 





d 

z 

o 

f-H 

1“ 

d 

f“ 

if) 


OJ 

< 

JD 

_i 


nj 

< 




n 

E 


d 

o 

i- 

d 

d 

Ui 

z 

Lu 

o 

X 

d 

H 

d 

o 

> 


UJ 

d 

d 

d 

Q 

OJ 



w 


* 

o. 

oi 

CD 

\ 

oj 

rv. 

m 

ff> 

m 


— 

m 

T 

*■ 

G 

E 

m 

g 

g 

S3 

G 


s 

s 

s 

S3 

* 

S 

g 

• 

* 

• 

S' 

* 



V 

S' 


Q 

S' 







OJ 


N 

m 

1! 

m 

— 

(X 

m 

<T> 


oj 

n 

o> 

▼ 

* 

tD 

G 

Q 

S3 

S3 

S 

D 

G 

G 

S3 

S3 

G 



a 


A 



•• 

- 

- 

“ 

- 


in 

CO 

rs 

CD 



LG 




d 

CO 

a) 


O 

l 

u 

OJ 

CD 

in 

OJ N 

z 

CD 

G 

— a in 


OJ 

S' 

S' 

S' 

S' 

S' 

< 






<D 

IN. 

(0 

a> 



M 

1 

OJ 

in 

rs 

D 

cc 

UJ 

(£ 

OJ 

m 


G 

CD 

G 

— 

-» 

\ 

G 

in 

C 

G 

G 

G 

in 

G 

G 

G 


OJ 

< 

1 


- 



\ 

G 

■ 

OJ 

n 

* 

3 







Figure 125. 


w' 2 (boundary layer / vortex / wall jet, station A , A 0.25 inches) 
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Figure 126. u' 2 (boundary layer / vortex / wall jet, station C, A = 0.25 inches) 
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Figure 127. v' 2 (boundary layer / vortex / wall jet, station A', A = 0.25 inches) 
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Figure 128. 


v' : (boundary layer / vortex / wall jet, station A", A = 0.25 inches) 
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Figure 129. 


v' 2 (boundary layer / vortex / wall jet, station C, A 0.25 inches) 
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Figure 130. »•' 


(boundary layer / vortex / wall jet, station A', A - 0.2? inches) 
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Figure 131. w' 2 (boundary layer / vortex / »all jet, station A", A = 0.25 inches) 
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Figure 132. 


h' , ‘ (boundary layer / vortex / wall jet, station C, \ — 0.25 inches) 


165 





OJ 

< 


> 

3 


z 

o 


cr 

i- 

cn 

in 


X 

c 

H 

cr 

x 


X 

Lu 

h- 

X 

c 

> 


X 

o 


nj 



w 

\ 

E 

S 

Q 

II 

0) 

D 



X 

o. 




i 

o. 

in 



w 

X 


m 

X 

X 

G 

-• 

X 

G 

X 

G 

G 

OJ 

G 

• 

G 

G 

G 

G 

OJ 

* 

• 

G 

1 



V* 








_ 

X 



tn 


1 

rs. 

in 

(N. 

X 

L 1 

X 


— 

G 

X 

G 


S 

G 

X 

G 

G 

G 

G 

• 

G 

G 

j 

• 

ru 

• 

* 


ys 

/s 

A. 

A 

•• 

'* 

- 

** 

** 

in 

X 


X 

X 


LT 

U 

z 

cr 

x 

nj 

< 

03 

z 


x 


oj 

in 

G 

G 


E - 


to 

OJ 

s 

S 


(" = ; a 


Fi°ure 133. wV (boundary layer / vortex / »all jet, station A', A 0.2:? inches) 
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Figure 134. //V (boundary layer / vortex / wall jet. station A", A - 0.2? inches) 
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Figure 135. //V (boundary layer / vortex / wall jet, station C, A 0.25 inches) 
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Figure 136. wV' (boundary layer / vortex / wall jet, station A', A = 0.25 inches) 
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Figure 137. 


(boundary layer / vortex / wall jet, station A", A 0.25 inches) 
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Figure 138. 


u'w f (boundary layer / vortex / wall jet, station C, A - 0.25 inches) 
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Figure 139. //' 3 (boundary layer / vortex / wall jet, station A', A 0.2:> inches) 
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Figure 140. u' 2 (boundary layer / vortex / wall jet, station A", A = 0.25 inches) 
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Figure 141. 
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(boundary layer / vortex / wall jet, station C, A 0.25 inches) 
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Figure 142. v' J (boundary layer / vortex / >\all jet, station A', A = 0.25 
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Figure 143. 


v' J (boundary layer / vortex / wall jet. station A > A 0.25 inches) 
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Figure 144. v' 3 (boundary layer / vortex / nail jet, station C, A = 0.25 inches) 
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Figure 146. n ° (boundary layer / vortex / wall jet, station A", A = 0.25 inches) 
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Figure 147. 


h ' 3 (boundary layer / vortex / wall jet, station C, A 0.25 inches) 
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Figure 149. w'V (boundary layer / vortex / wall jet, station A", A 0.25 inches) 
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gure 150. «'V (boundary layer / vortex / uall jet, station C, A = 0.25 inches) 
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Figure 151. 


w'v' 2 


(boundary layer / vortex / Mali jet, station A , A 0.25 inches) 
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Figure 152. 


u’v' : (boundary layer / vortex / wall jet. station A", A = 0.25 inches) 
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Figure 153. 


u'v' : 


(boundary layer / vortex / Mall jet, station C, A 0.2r> inches) 
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Figure 154. k' : h-' (boundary layer / vortex / all jet, station A', A - 0.25 inches) 
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Figure 155. 


u' : n-' (boundary layer / vortex / wall jet, station A", A = 0.25 inches) 
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Figure 156. w'-V' (boundary layer / vortex / nail jet, station C. A = 0.25 inches) 
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Figure 157. u'w' : (boundary layer / \orte.\ / nail jet, station A', A = 0.25 inches) 
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Figure 15S. u'w' : (boundary layer / vortex / wall jet. station A", A = 0.25 inches) 
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Figure 159. «V' : (boundary la\er / vortex / wall jet, station C, A = 0.25 inches) 
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Figure 161. 
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Figure 162. Secondary Flon Vectors (boundary layer / vortex / Mall jet, station B 
A = 0.25 inches, m = 2.5) 
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Figure 163. /7 (boundary layer / vortex / "all jet, station B, A 0.2:> inches, 

m = 2.5) 
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Figure 164. 


w' J (boundary layer / vortex / wall jet, station B, A-0.2? inches, 
m = 2.5) 
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Figure 165. v' : (boundary layer / vortex / Mall jet, station B, A-0.2r inches, 

m= 2.5) 
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Figure 166. 


h' : (boundary layer / vortex / wall jet, station B. A 0. 2? inches, 
m= 2.5) 
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Figure 167. 


it v' (boundary layer / vortex / wall jet, station B, A 0.25 inches, 
m = 2.5) 
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Figure 168. u'w' (boundary layer / vortex / wall jet, station B, A 0.2? inches, 
ni = 2.5) 
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Figure 169. 


u ,} (boundary layer / vortex / Avail jet, station B, A — 0.2? inches, 
m= 2.5) 
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Figure 170. 


v n (boundary layer / vortex / nail jet, station B, A-0.25 inches, 
in = 2.5) 


203 


2ie-S 9 i> .000249 < .000299 





k ' * 

/ 

\ 

0 


ac 

z 

c 


a: 

H 

CTj 

in 

OJ 

n_ 

E 


C 


a: 

UJ 

z 


X 


z 

c 

> 



w 1 

\ ul 

E ~ 
in 

t 


— s 

» 5 
« § 
D ® 

i 


in 

i 


ID 

jJ 

LS 

Z 

c 

z 

m 

< 

$D 


< 

N 

B 


E in 

5 5 

s e 

s s 


m 

i 

Ul 


n 

s 

£ 

s 

e 


X 

tc 

in 

▼ 

OJ 

E 

in 

e 

in 

E 

n 

OJ 

OJ 

mm 

— 

E 

s 

e 

E 

E 

S 

e 

e 

E 

Q 

S 

S 

c 

E 

E 

t 

l 

1 

1 

1 

T. 

cr 

1C 

in 

▼ 

1“ 

s 

in 

E 

IT 

n 

n 

OJ 

OJ 

—« 

E 

E 

E 

E 

E 

e 

e 

E 

E 

E 

e 

E 

E 

£ 

E 

1 



I 

l 

*• 

- 

- 

•• 

•• 

e 

- 

OJ 

03 





Figure 171. w' 3 (boundary layer / vortex / wall jet, station B, A-0.25 inches, 

m = 2.5) 
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Figure 172. 


(boundary layer / vortex / >\all jet, station B, A = 0.25 inches, 

ni = 2.5) 
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Figure 173. 


//v' : (boundary layer / vortex / v>all jet, station B, A —0.25 inches, 
m = 2.5) 
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Figure 174. u' : w' (boundary layer / vortex / wall jet, station B, A = 0.25 inches, 

m = 2.5) 
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Figure 175. 


//V' 2 (boundary layer / vortex / wall jet, station B, A 0.25 inches, 
m= 2.5) 
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